1. Introduction {#sec1}
===============

Cassava brown streak disease (CBSD) and cassava mosaic disease (CMD) have persisted as major constraints to the production of cassava (*Manihot esculenta* Crantz) in sub-Saharan Africa (SSA), where the crop serves as a major staple food ([@bib3]; [@bib24]). Storage roots of plants affected by CBSD have a brown necrotic rot and are unfit for consumption. Furthermore, the starch content of CBSD-affected storage roots is greatly reduced and of inferior quality ([@bib25]). By contrast, storage roots of plants severely affected by CMD fail to bulk because their leaves become chlorotic and mottled, thus having impeded photosynthesis and leading to stunted growth ([@bib24]). Both viral diseases are perpetuated from one season to another through the practice of farmers using stem cuttings from diseased plants as planting material ([@bib10]). Farmers in Uganda and Africa generally obtain cassava planting materials from stems of their previous crop or neighbors' fields. The virus status of the planting materials is often unknown because symptoms may not be apparent or leaves may have withered and dropped after crop harvest. This practice leads to the spread of viral diseases to new fields and often advances into disease epidemics. This commonly results in yield losses of up to 100% due to CBSD and CMD, either singly or in combination, thus threatening food security in the region ([@bib13]). In addition, the year-round occurrence of high whitefly (*Bemisia tabaci*) vector populations in many parts of eastern Africa escalates the spread of CMD and CBSD.

CBSD is caused by two single-stranded RNA viruses of the genus *Ipomovirus*, *Cassava brown streak virus* (CBSV) and *Ugandan cassava brown streak virus* (UCBSV), often jointly referred to as CBSVs. Both viruses belong to the family Potyviridae ([@bib23]; [@bib28]). The most prevalent viruses that are causal agents of CMD in SSA are single-stranded DNA bipartite cassava mosaic begomoviruses (CMBs), *African cassava mosaic virus* (ACMV) and *East African cassava mosaic virus* (EACMV), of the family Geminiviridae ([@bib4]; [@bib27]). All these viruses are transmitted by *B. tabaci* ([@bib21]), and the disease is spread through the use of infected planting materials. The high demand for cassava planting materials and the lack of functional seed systems for the crop have resulted in the movement of uncertified stem cuttings to be used as planting materials across communities, thereby increasing the spread of the viral diseases. Unless CBSD is controlled through appropriate management strategies, it could potentially become a menace across SSA, including West Africa where the major cassava-producing countries are located.

Effective management of CBSD and CMD will heavily rely on the deployment of resistant varieties to farmers. Fortunately, concerted efforts on the genetic improvement of cassava in Uganda have generated large breeding populations with several elite clones deemed as either tolerant or resistant to both CBSD and CMD ([@bib17]). Importantly, genotypes with durable dual resistance to CBSD and CMD should be a target for breeders when screening clones for variety selection. Thus, it is imperative that breeding clones are selected for advancement considering resistance to virus signified by the viral load in plant tissues and the response of genotypes to the diseases under field conditions. Therefore, in this study, we determined resistance or tolerance to infection by CBSVs and CMBs (and resulting CBSD and CMD) in a panel of elite breeding clones, and this is critical for facilitating the development of resistant cassava varieties.

2. Materials and methods {#sec2}
========================

2.1. Test materials and study design {#sec2.1}
------------------------------------

The test materials evaluated in this study include elite clones under evaluation in uniform yield trials (UYTs) and the breeding lines in the crossing block trial (CBT) conducted from 2014 to 2015. The CBT was performed at Namulonge, Wakiso district (Central Uganda), and UYTs were performed at the four major cassava-producing districts: Arua (north-western), Kamuli (eastern), Kaberamaido (north-eastern), and Wakiso. Each of the test sites was located in unique agro ecology, thus differing in cassava viral disease pressure, vector population, and major climatic parameters including mean annual temperature and rainfall. Kaberamaido is located at an elevation of 1080 m.a.s.l., with an annual average temperature of 23.7 °C and annual average precipitation of 1302 mm. Kamuli has an elevation of 1100 m.a.s.l., with an annual average temperature of 21.6 °C and annual average precipitation of 968 mm. Arua is at an elevation of 1215 m.a.s.l. and is characterized by an annual average temperature of 22.9 °C and annual precipitation of 1404 mm. Wakiso has an elevation of 1200 m.a.s.l., with an annual average temperature of 21.8 °C and annual average precipitation of 1377 mm.

Three clones (NAROCASS 1, NAROCASS 2, and MH04/0300) were evaluated in the UYTs for resistance to CBSD and CMD and adaptation to the locations. The officially released CBSD-tolerant variety NASE 14 was included as a control. The NAROCASS 1 clone bred as NAM 130 in Uganda was a selection made from open-pollinated seeds introduced from Tanzania. The NAROCASS 2 clone whose pedigree is MM2006/0130 was bred as MM06/0130 in Uganda. NASE 14, a genotype of pedigree MM96/4271 and bred as MM192/0248, is an IITA introduction officially released in Uganda. Experimental plot sizes were 6 m × 6 m, laid out in a randomized complete block design with four replications per site and plant spacing of 1 m × 1 m. In the CBT, a total of 217 cassava breeding lines, which were part of NaCRRI cassava training population being used in genomic selection, were planted as single-row plots of 10 plants and monitored for disease severity and incidence. To increase the amount of CBSV inoculum, infector rows of the CBSD-susceptible variety TME 204 were planted between test plots. Disease incidence and severity data were collected at 3, 6, and 12 months after planting (MAP).

2.2. Field assessment of CBSD and CMD {#sec2.2}
-------------------------------------

The CBSD and CMD severities were assessed and recorded for each cassava plant in the trials at 5, 8, and 11 MAP. CBSD symptom severity was scored on a scale with a rating from 1 to 5 points: 1 = no apparent symptoms; 2 = slight foliar feathery chlorosis and no stem lesions; 3 = pronounced foliar feathery chlorosis, mild stem lesions, and no dieback; 4 = severe foliar feathery chlorosis, severe stem lesions, and no dieback; and 5 = defoliation, severe stem lesions, and dieback ([@bib8]). The CMD was scored on a scale of with a rating from 1 to 5 points: 1 = no symptoms observed (shoot healthy); 2 = mild chlorotic pattern on most leaves, mild distortions at the bases of most leaves, with the remaining parts of the leaves and leaflets appearing green and healthy; 3 = a pronounced mosaic pattern on most leaves, with narrowing and distortion of the lower one-third of most leaves; 4 = severe mosaic distortion of two-thirds of most leaves, with general reduction in leaf size and some stunting of shoots; and 5 = very severe mosaic symptoms on all leaves, with distortion, twisting, and severe reduction in leaf size in most leaves, accompanied by severe stunting of plants ([@bib14]). The CBSD and CMD incidence data were obtained from the number of plants showing foliar disease symptoms, expressed as a percentage of the total number of plants assessed.

2.3. Determination of CBSD root severity, harvest index, and yield in the UYT {#sec2.3}
-----------------------------------------------------------------------------

The CBSD root severity was assessed by making five cross-sectional cuts with a knife on all the roots and scoring necrosis for each cut section using a pictorial severity scale (rated with 1--5 points) as described by [@bib11]. The harvested roots together with the ground biomass above were weighed separately, and the weights were used to compute the harvest index (HI) as the ratio of weight of the roots to the total biomass. Yield was estimated using the formula.

Root yield (t/ha) = \[root weight (kg/m^2^) × 10000\]/1000 ([@bib15]).

Analysis of variance was performed with the mean values of CBSD root incidence, severity, HI, and yield of cassava clones in the UYT to assess whether significant differences existed among the test clones.

2.4. Sample collection for laboratory detection of CBSVs and CMBs {#sec2.4}
-----------------------------------------------------------------

For detection of CBSVs, 448 leaf samples (88 symptomatic and 360 non-symptomatic) were collected from the UYT plots. Non-senescing leaves in the middle to bottom canopy section on a shoot representative of the plant stand were collected. Additionally, a total of 93 CMD-symptomatic leaf samples were collected from the CBT for detection of CMBs. Each sample was placed in a 1.5-ml microfuge tube containing 70% ethanol and stored at room temperature until DNA extraction.

2.5. RNA extraction and RT-PCR for CBSV detection {#sec2.5}
-------------------------------------------------

RNA was extracted from each leaf sample by a modified cetyl trimethyl ammonium bromide (CTAB) method described by [@bib5]. The resultant RNA pellets were dried at room temperature and then resuspended in 50 μl of autoclaved nuclease-free water and stored at −80 °C until analysis. cDNA was synthesized from each of the RNA extracts using SuperScript™ III Reverse Transcriptase kit (Invitrogen, Carlsbad, CA, USA). The generated cDNAs were subjected to RT-PCR for simultaneous detection of CBSV and UCBSV.

The PCR master mix was prepared in a PCR reaction tube, and 2 μl of the cDNA template was added to this master mix to constitute a final reaction volume of 50 μl. The components of the PCR master mix are as follows: 38.1 μl of sterile distilled water; 5 μl of 10 × PCR buffer \[200 mM Tris-HCl (pH 8.4) and 500 mM KCl\]; 1.5 μl of 50 mM MgCl~2~; 1 μl of 10 mM dNTP mix; 1 μl of amplification forward primer CBSDDF2 (5′-GCTMGAAATGCYGGRTAYACAA-3′) (10 μM) and 1 μl of amplification reverse primer CBSDDR (5′-GGATATGGAGAAAGRKCTCC-3′) (10 μM), which were degenerate primers for CBSV and UCBSV ([@bib22]); and 0.4 μl of Taq DNA polymerase (5 U/μl). The following PCR thermocycling conditions were used: 94 °C for 5 min for initial denaturation; 94 °C for 30 s and 51 °C for 30 s for one cycle; and then 35 cycles of 94 °C for 30 s, 51 °C for 30 s, and 72 °C for 30 s for denaturation, annealing, and extension, respectively. The final extension was at 72 °C for 10 min. The PCR products for the detection of CBSVs were separated by electrophoresis in 1.0% agarose gels stained with ethidium bromide at 80 V for 40 min in 1 × Tris-Acetate-EDTA (TAE) buffer at pH 8.0. Gels were visualized under UV light and photographed using a digital camera.

2.6. DNA extraction and PCR for the detection of CMBs {#sec2.6}
-----------------------------------------------------

To enable the detection of CMBs, DNA was extracted from leaf samples using the method described by [@bib6]. The DNA was initially purified by solvent extraction using a solution of phenol:chloroform:isoamyl alcohol (25:24:1) and finally by a mixture of ethanol and sodium acetate solution. Resultant pellets were washed with 70% ethanol, dried, and resuspended in 200 μl of deionized and autoclaved distilled water and stored at −80 °C until use.

To detect CMBs, DNA extracts were amplified by standard PCR using ACMV and EACMV-UG2 specific primers described by [@bib9]: ACMV-AL1/F and ACMV-ARO/R as well as ACMV-CP/R3 and UV-AL1/F1, respectively. PCR products from the DNA of CMBs were separated by electrophoresis in a 1.2% agarose gel stained with ethidium bromide at 85 V for 1 h in TAE buffer at pH 8. The gels were visualized under UV light and photographed using a digital camera. Band sizes were used to identify each virus species.

2.7. Determination of CBSV and UCBSV titers with real-time quantitative PCR (qPCR) {#sec2.7}
----------------------------------------------------------------------------------

To determine viral load of CBSVs using qPCR, total RNA was extracted from leaf samples by the CTAB method following the manufacturer\'s protocol as described by [@bib19] with modifications by [@bib26]. The extracted RNA was suspended in 50 μl of nuclease-free water and stored at −20 °C. The RNA was cleaned of cassava genomic DNA using DNAse I digestion according to the manufacturer\'s recommendation (Life Technologies, Grand Island, NY, USA). Quantity, purity, and integrity of each RNA sample were assessed using NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and visually by electrophoresis on a 1.5% agarose gel. Only samples with OD readings (260/280 nm) of 1.8--2.2 were used for qPCR. Two micrograms of each RNA sample was converted into cDNA using a ProtoScript^®^ First-Strand cDNA synthesis kit primed with oligo-dT following the manufacturer\'s protocol. qPCR was performed using SYBR Green I chemistry on an Applied Biosystems StepOnePlus^®^ sequence detection system using 96-well reaction plates with two or three technical replicates of each sample. The total reaction volume of 10 μl was used in each well with 5 μl of Thermo Scientific Maxima SYBR Green/ROX qPCR Master Mix (2 × ), 1 μl of each primer pair CBSVqF/CBSVqR (Fwd 5′-GCCAACTARAACTCGAAGTCCATT-3′ and Rev 5′-TTCAGTTGTTTAAGCAGTTCGTTCA-3′) ([@bib2]) and UCBSVqF/UCBSVqR (Fwd 5′-AAGGCAAGGGTGGCTCTAAC-3′ and Rev 5′-GCGTCCTTGTTGGCCCATTA-3′), and 3 μl of template cDNA. Cytochrome C oxidase COX F/COX R (Fwd 5′-CGTCGCATTCCAGATTATCCA-3′ and Rev 5′-CAACTACGGATATATAAGRRCCRRAACTG-3′) was used as an endogenous control ([@bib2]). This master mix also contained ROX, a passive reference dye, which served as an internal reference for normalization of the SYBR Green I fluorescent signal and allowed for correction of well-to-well variation owing to pipetting inaccuracies and fluorescence fluctuations. The PCR conditions were as follows: initial denaturation at 95 °C for 3 min, followed by 40 cycles at 95 °C for 10 s and 56 °C for 30 s. Data were collected during the annealing step (at 56 °C). For each plate, a no-template control containing all reagents for reverse transcription except for cDNA template was used to check for reagent contamination, and positive controls containing cDNA obtained from plants known to be infected with either CBSV or both CBSV and UCBSV were also used. cDNA synthesized from the RNA of tissue-cultured plants free from both strains was used as a negative control in each plate. Finally, Ct threshold cycle values were obtained and used for the determination of the fold changes in the target genes for both CBSV and UCBSV by using the comparative Ct (2^−ΔΔCt^) method ([@bib18]). The fold-change data were subjected to square root transformation to normalize them before performing analysis of variance. Data on disease severity, incidence, and viral load were subjected to analysis of variance performed using Genstat 13th edition, and comparisons of means were made using Fisher\'s LSD to establish whether there were significant differences among clones.

3. Results {#sec3}
==========

3.1. CBSD and CMD expression in advanced cassava clones at UYT {#sec3.1}
--------------------------------------------------------------

Incidence and severity of CBSD in UYT clones were determined in four locations. CBSD incidence was low in NAROCASS 1 (0%) and NAROCASS 2 (1%), but MH04/0300 had a mean incidence of 33.1% ([Table 1](#tbl1){ref-type="table"}). Disease severity was similarly very low in the test clones NAROCASS 1 and NAROCASS 2 compared to that in MH04/0300 ([Fig. 1](#fig1){ref-type="fig"}). Notably, CBSD symptoms did not appear on any clone in Kamuli, whereas mild to severe symptoms were recorded in other locations. Indeed, NAROCASS 1 remained symptomless, but NAROCASS 2 had low CBSD incidence that ranged between 0 and 4.6%, with an increasing trend across all locations at 5, 8, and 11 MAP ([Fig. 2](#fig2){ref-type="fig"}). By contrast, the clone MH04/0300 had moderate to high CBSD incidence (33.7--63.9%) in all test locations except Kamuli, with the highest incidence (63.9%) recorded at 11 MAP ([Fig. 2](#fig2){ref-type="fig"}).Table 1Mean incidence (%) of cassava brown streak disease on cassava clones for uniform yield trials, 11 months after planting.Table 1CloneLocationMeanl.s.d.F. pr.AruaKaberamaidoKamuliWakisoMH04/030033.763.9034.833.128.760.004NAROCASS 1000000NAROCASS 204.20013.7480.078NASE 144.12.4011.14.412.640.308Mean9.417.6011.59.67.3\<0.001l.s.d.19.6916.44018.527.314.6F. pr.0.007\<0.0010.004\<0.001\<0.001[^1][^2]Fig. 1Variability and distribution of CBSD severity and incidence with time among cassava clones of the uniform yield trial.Fig. 1Fig. 2Progress in CBSD incidence (%) and severity of cassava in uniform yield trial locations at 5, 8, and 11 months after planting.Fig. 2

Overall, there were significant differences (*P* \< 0.05) between test clones for CBSD severity across all locations, except for Kamuli ([Table 2](#tbl2){ref-type="table"}). The lowest CBSD mean severity was recorded in Wakiso (1.8) and the highest was in Kaberamaido (2.37). The clone MH04/0300 recorded the highest CBSD severity (3.5), and NAROCASS 1 and NAROCASS 2 had the lowest severity. Among clones that showed CBSD symptoms, NAROCASS 2 had the lowest mean severity (2.5) ([Table 2](#tbl2){ref-type="table"}). There were no CMD symptoms observed on any cassava plant in all the UYT locations during the entire study period. This was despite the presence of whitefly vectors and CMD-affected landraces near the trial sites, which would ensure transmission of CMBs.Table 2Mean severity of cassava brown streak disease on cassava clones for uniform yield trials, 11 months after planting.Table 2CloneLocationMeanl.s.d.c.v. (%)F. pr.AruaKaberamaidoKamuliWakisoMH04/03003.03.51.03.32.6880.620814.8\<0.001NAROCASS 11.01.01.01.01000NAROCASS 21.02.51.01.01.3750.352316.3\<0.001NASE 142.32.51.02.01.960.68320.80.005Mean1.8332.371.01.8121.7550.2088\<0.001l.s.d.0.40680.89400.43150.20880.4177c.v. (%)14.122.5015.116.7F. pr.0.0140.0020\<0.001\<0.001\<0.001[^3][^4][^5]

3.2. Incidence of CBSVs in samples collected from clones in UYTs {#sec3.2}
----------------------------------------------------------------

In the assay of 88 RNA extracts from leaves of CBSD symptomatic plants, 68 (77.3%) showed a positive result for CBSVs ([Table 3](#tbl3){ref-type="table"}). Of the 68 CBSV-positive samples, 61 (89.7%) had single CBSV infections and seven (10.3%) were infected with both CBSV and UCBSV ([Table 3](#tbl3){ref-type="table"}). Interestingly, when 360 samples from non-symptomatic plants were analyzed, 30 plants (8.3%) showed a positive result for CBSVs. Among the 30 CBSV-positive samples from the non-symptomatic group, 23 (76.7%) had CBSV single infections and seven (23.3%) were infected with both CBSV and UCBSV. CBSV infection was highest (100%) in Kaberamaido followed by Arua (60%). Mixed infections of CBSV and UCBSV were recorded only in 14 samples in two locations: Arua and Wakiso. The single infections with CBSV were highest in the clone MH04/0300 (65.5%), followed by NASE 14 (27.4%) and NAROCASS 2 (7.1%; [Table 3](#tbl3){ref-type="table"}).Table 3Prevalence of CBSVs in samples collected from cassava clones at uniform yield trial locations.Table 3SymptomaticNonsymptomaticLocationClone[a](#tbl3fna){ref-type="table-fn"}CBSVUCBSVCBSV + UCBSV[a](#tbl3fna){ref-type="table-fn"}CBSVUCBSVCBSV + UCBSVTotal positive (%)AruaMH04/0300191006930524 (96)NAROCASS 10000280000 (0)NAROCASS 22100261002 (8)NASE 144301240004 (16)KaberamaidoMH04/0300211600770023 (92)NAROCASS 10000280000 (0)NAROCASS 24200242004 (16)NASE 14128001620010 (40)KamuliMH04/03000000280000 (0)NAROCASS 20000280000 (0)NAROCASS 10000280000 (0)NASE 140000280000 (0)WakisoMH04/03001714001150221 (84)NAROCASS 10000280000 (0)NAROCASS 20000280000 (0)NASE 1497001930010 (40)Total886107360230798 (20.08)[^6]

3.3. CBSV and UCBSV titers in leaf samples from UYT clones {#sec3.3}
----------------------------------------------------------

NAROCASS 1 and NAROCASS 2 had the lowest viral load compared with other clones evaluated in this study. CBSV was not detected in NAROCASS 1 across all locations, whereas UCBSV was present in low concentrations in NAROCASS 1 in Arua (5 MAP) and Kaberamaido (5 and 11 MAP) ([Table 4](#tbl4){ref-type="table"}, [Table 5](#tbl5){ref-type="table"}). In general, virus concentration increased with the age of plants (5--11 MAP) for both CBSV and UCBSV. However, interestingly, for MH04/0300 (Arua), NAROCASS 2 (Kaberamaido, Kamuli and Wakiso), and NAROCASS 1 (Arua), the UCBSV titers decreased with time. For example, in Arua, UCBSV titer decreased from 3.56- to 2.15-fold in the clone MH04/0300 ([Table 5](#tbl5){ref-type="table"}). By contrast, CBSV concentration increased sharply for the clone MH04/0300 in Arua, Kaberamaido, and Wakiso ([Table 4](#tbl4){ref-type="table"}). In Kaberamaido, where CBSD incidences were high, MH04/0300 accumulated the most CBSV RNA (6.71- and 20.56-fold) compared with the tolerant NASE 14 (0.58- and 7.32-fold) at 5 and 11 MAP, respectively. The amplification plot of cycle number versus relative quantitation showed that many CBSV samples had an early threshold cycle ([Fig. 3](#fig3){ref-type="fig"}).Table 4CBSV titers (fold changes) in cassava genotypes for uniform yield trials at 5 and 11 months after planting (MAP).Table 4CloneLocationAruaKaberamaidoKamuliWakiso5 MAP11 MAP5 MAP11 MAP5 MAP11 MAP5 MAP11 MAPMH04/03000.37712.196.70620.560.1090.910.5799.04NAROCASS 10.040.020.0640.020.0080.010.0180.01NAROCASS 20.0320.060.0891.40.0110.010.0240.76NASE 140.1325.530.5787.320.030.040.1141.56Mean0.1454.451.8597.320.040.240.1842.84l.s.d.0.32182.9710.893.7060.09971.7130.8494.321F pr0.113\<0.001\<0.001\<0.0010.1330.4670.3370.013[^7][^8]Table 5UCBSV titers (fold changes) in cassava genotypes for uniform yield trials at 5 and 11 months after planting (MAP).Table 5CloneLocationAruaKaberamaidoKamuliWakiso5 MAP11 MAP5 MAP11 MAP5 MAP11 MAP5 MAP11 MAPMH04/03003.562.1514.120.10.160.430.030.055NAROCASS 10.670.060.10.20.030.0220.040.006NAROCASS 20.030.010.100.360.0030.870.156NASE 140.2812.9604.60.140.2380.060.057Mean1.133.793.66.20.170.1730.250.068l.s.d.5.7262.55427.6912.270.7880.49131.5510.2604F pr0.399\<0.0010.4810.0290.7120.190.4460.518[^9][^10]Fig. 3Amplification plots for (a) CBSV, UCBSV, and *COX*; (b) *COX*, the housekeeping gene; (c) CBSV; and (d) UCBSV.Fig. 3

3.4. CBSD root symptom incidence, severity, and yield performance of cassava clones {#sec3.4}
-----------------------------------------------------------------------------------

The test materials recorded low CBSD root incidence in all locations except in the clone MH04/0300, which registered the highest root incidence of 68% in Wakiso ([Table 6](#tbl6){ref-type="table"}). Mean CBSD root severity was also significantly lower (*P* \< 0.05) in the clones NAROCASS 1 (2.0) and NAROCASS 2 (2.0) than in the clone MH04/0300 (3.8) in Wakiso. The maximum CBSD root severity ranged from 4 to 5 for NASE 14 and MH04/0300 in Kaberamaido, Arua, and Wakiso, whereas in Kamuli, the maximum CBSD root severity was for NASE 14 with a score of 2.8.Table 6Cassava brown streak disease root incidence, mean severity, maximum severity, harvest index, and yield performance of clones at uniform yield trial locations.Table 6CloneCBSDRiMean_CBSDRsmax_CBSDRsHarvest_IndexYield_T\_haKaberamaidoMH04/030028.31.84.00.57.4NAROCASS 12.31.02.00.722.8NAROCASS 23.71.13.00.613.9NASE 1412.51.44.50.522.2mean11.71.33.40.616.6l.s.d.26.90.82.00.26.6cv%128.2354120.328.2F pr.0.1060.110.1030.2820.001KamuliMH04/03000.61.01.30.514.8NAROCASS 11.91.02.50.528.9NAROCASS 21.91.01.80.516.7NASE 143.81.12.80.530.8mean2.11.02.10.522.8l.s.d.2.30.11.60.111.9cv%70.23.25013.232.6F pr.0.0730.2670.220.2140.027AruaMH04/03009.81.14.00.631.0NAROCASS 10.21.01.30.653.3NAROCASS 24.61.12.50.620.9NASE 147.51.25.00.634.2mean5.21.13.10.634.9l.s.d.7.10.11.20.122.9cv%84.26.223.1642.7F pr.0.0650.018\<0.0010.0390.057WakisoMH04/030068.03.85.00.639.4NAROCASS 13.92.04.00.555.6NAROCASS 24.52.13.00.423.3NASE 1441.93.15.00.442.3mean29.62.84.30.540.2l.s.d.60.41.72.80.220.3cv%73.522.723.513.118.2F pr.0.1030.1130.2810.1150.05[^11]

The HI ranged between 0.4 and 0.7 for all the clones across the locations and was the highest for NAROCASS 1 at Kaberamaido (0.7) and the lowest for NAROCASS 2 (0.4) and NASE 14 (0.4) in Wakiso. However, little variation was observed in HI for clones in Arua and Kamuli ([Table 6](#tbl6){ref-type="table"}).

NAROCASS 1 and NASE 14 had the highest yield in all locations. Yields of up to 55.6 and 53.3 t/ha were obtained for clone NAROCASS 1 in Wakiso and Arua, respectively. The lowest yields (14 t/ha) were obtained for the clone MH04/0300 in Kaberamaido.

3.5. Expression of CMD and CBSD on cassava genotypes in CBT {#sec3.5}
-----------------------------------------------------------

CMD was observed in 93 (42.9%) of the 217 clones evaluated in the CBT. However, CMD was not recorded in 124 (57.1%) of the clones throughout the evaluation period. There were significant differences (*P* \< 0.05) between the test clones. Seven clones had CMD incidence in the range of 1--10%, whereas 22 and 64 clones had incidences ranging within 11--30% and 31--100%, respectively ([Fig. 4](#fig4){ref-type="fig"}b). The affected cassava plants mainly exhibited mild to moderate CMD symptom severity scores of 2 and 3 ([Fig. 4](#fig4){ref-type="fig"}a).Fig. 4CMD severity (a) and incidence (b) at 12 months after planting on 217 genotypes assessed in the crossing block trial.Fig. 4

In the CBT, 83 (38.2%) clones did not show any CBSD symptoms (0% incidence). Most (102) of the clones (47%) had CBSD incidence in the range of 31--100%, whereas incidences in the remaining 26 and 6 clones were in the ranges of 10--21% and 1--10%, respectively ([Fig. 5](#fig5){ref-type="fig"}b). Of the 134 CBSD-affected clones, 51 showed mild CBSD symptoms (severity score 2) at most. A total of 50 clones had a score of 3, and 33 clones were severely affected (scores 4 and above) ([Fig. 5](#fig5){ref-type="fig"}a).Fig. 5CBSD severity (a) and incidence (b) at 12 months after planting on 217 genotypes assessed in the crossing block trial.Fig. 5

3.6. Detection of CBSVs and CMBs in cassava clones in the CBT {#sec3.6}
-------------------------------------------------------------

Single CBSV infections were predominant in the CBT, for which 102 (81.6%) of 125 clones showed a positive result for CBSVs. Only four (3.2%) clones had single UCBSV infections, whereas 19 (15.2%) had mixed infections of both CBSV and UCBSV ([Fig. 6](#fig6){ref-type="fig"}a). There were 80 samples that tested positive for CMBs; 44 (55%) had ACMV alone, seven (8.7%) had EACMV-UG single infection, and 29 (36.3%) were dually infected with ACMV and EACMV-UG ([Fig. 6](#fig6){ref-type="fig"}b).Fig. 6Detection of (a) CBSVs and (b) CMBs in the cassava clones evaluated in the crossing block trial.Fig. 6

4. Discussion {#sec4}
=============

We assessed the reaction of 220 elite cassava germplasm for resistance to CBSD and CMD in four UYT locations (Arua, Kamuli, Kaberamaido, and Wakiso) and in the CBT located at Wakiso, Uganda, in 2014, where the two viral diseases have caused significant constraints to food and income security. The cassava breeding program in Uganda has successfully selected varieties for CMD resistance during the last two decades; thus, the clones evaluated at UYT can be considered to possess such pedigree. Absence of CMD in all the test clones present at UYT suggests that these clones have an excellent background of resistance to the disease. Effectively, the clones NAROCASS 1, NAROCASS 2, NASE 14, and MH04/0300 present an invaluable genetic resource that could be used to generate breeding populations for enhanced resistance to CMD. However, CMD symptoms were observed on 61.8% of the clones evaluated in the CBT. The overall CMD severity was only mild to moderate with the majority of symptomatic plants scoring between 2 and 3, which further illustrates the remarkable progress in genetic improvement of cassava for disease resistance ([@bib17]).

In this study, CMBs were detected by PCR and the presence of CBSVs and associated virus concentrations determined by RT-PCR and real-time qPCR, respectively. Molecular detection of CMBs in the CBT indicated single and dual infections with ACMV and EACMV-UG. These results demonstrated that ACMV was the most prevalent (55%) virus species followed by the mixed infection of ACMV + EACMV-UG (26%) and then EACMV (6%). These results are interesting as they contrast the situation of the CMD epidemic in the 1990s when EACMV-UG was the most prevalent species causing CMD ([@bib7]). However, in coping with the CMD epidemic, farmers may have selected less-symptomatic plants, which effectively reduced the incidence of EACMV-UG. In addition, the severe symptoms of CMD caused by EACMV-UG probably made culling of genotypes carrying this species easier, hence likely reducing the overall EACMV-UG prevalence.

Variations in CBSD severity were consistent with those reported in other studies ([@bib10]). Notably, however, NAROCASS 1 did not show any CBSD symptoms in UYT and NAROCASS 2 had only mild symptoms. The absence of CBSD symptoms on NAROCASS 1 and the low incidence and severity on NAROCASS 2 demonstrate high levels of resistance and/or tolerance to the disease. Moreover, NAROCASS 1 and NAROCASS 2 also had the lowest virus concentrations across all sites, thus corroborating the earlier deduction that these clones were superior sources of resistance to CBSD. In fact, [@bib16] and [@bib20] indicated that some cassava cultivars do hinder normal replication of CBSVs in tissues, which could partly explain the low viral load and mild symptom expression. Therefore, breeding programs could target using such cultivars, with the ability to inhibit or delay the rate of viral replication in their plant systems, for developing resistant cassava varieties in the future.

Additionally, both RT-PCR and qPCR results revealed the single infections of CBSV to be the most prevalent. In the CBT, CBSV single infections occurred in 84.3% of the infected clones, thus suggesting that CBSV was the most prevalent virus species. Mixed infections were detected only in Arua (40%) and Wakiso (6.5%). In general, 85.7% of the positive samples had CBSV, no sample had single infection by UCBSV, and only 14.3% had mixed infections. Similar trends have been reported from initial studies aimed at screening large sets of cassava genetic resources for resistance to CBSD ([@bib1]). It is logical to suggest that certain cassava genotypes have inherent mechanisms to restrict the activities of UCBSV in cells; such clones would be of interest in developing CBSD-resistant varieties.

Variations in cassava yields were recorded in the UYT plant materials, with NAROCASS 1 obtaining higher yields (55.6 t/ha) than the other clones. Kaberamaido had notably the lowest yields recorded compared to other locations. The variation exhibited by UYT clones in response to disease parameters agrees with other findings by [@bib10] that the susceptibility or resistance of varieties influences their response to disease infection. By contrast, the yield was relatively lower in Kamuli, where clones had a low viral load as well as foliar and root CBSD incidence and severity, than those in other locations. This was probably due to stacked resistant genes in the plants that masked more the expression of genes responsible for yield in this location compared to other UYT environments.

Equally important to note was the severity of CBSD in NASE 14, a variety officially released in 2011 for its tolerance to this disease. NASE 14 is well known for its ability to restrict build-up of viral load ([@bib16]). However, the current study revealed relatively high foliar and root severity, incidence, and viral load in this clone. It is unknown why such behavior was manifested, and hence, there is a need to study the mechanism involved in resistance breakdown of such varieties. This phenomenon is worrisome in that varieties released to address specific viral diseases may not be sufficiently resistant to provide an effective long-term control ([@bib17]). Inevitably, greater efforts are needed to consolidate breeding activities toward the development of varieties with strong and durable resistance to CBSD, which may call for renewed regional collaboration for the use of elite germplasm. Additionally, more efforts are needed to build capacity for the development and implementation of seed systems for cassava to ensure sustainable supply of disease-free planting materials of improved varieties to farmers.

5. Conclusion {#sec5}
=============

CMD and CBSD remain a major threat to cassava production in eastern Africa, although the impact of the former has been significantly reduced during the last two decades through dissemination of resistant clones. In addition to NAROCASS 1 and NAROCASS 2, several other clones evaluated according to disease incidence, symptom severity, and viral load in this study showed high levels of resistance to CBSD. These clones should be of priority when implementing breeding programs to develop and deploy resistant varieties. Differential clone response to CBSD by location was observed, and this should be considered when prescribing approaches for CBSD management. This requires that genotype × environment × time interaction studies be conducted in further field evaluations for a long period. Additionally, studies based on symptoms need to be augmented by molecular diagnostics and plant--virus interaction analysis for better CBSD assessment. We recommend continuous monitoring of CBSD symptom variability and how these may relate to potential emergence of virus strains or species, a strategy necessary to avert rapid breakdown of resistance in varieties or degeneration of planting materials.
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[^1]: l.s.d. is the least significant difference at *P* = 0.05.

[^2]: F. pr. is the probability of obtaining the observed variance ratio (*P* value).

[^3]: l.s.d. is the least significant difference at *P* = 0.05.

[^4]: c.v. is the coefficient of variation.

[^5]: F. pr. is the probability of obtaining the observed variance ratio (*P* value).

[^6]: -- Number of samples.

[^7]: l.s.d. is the least significant difference at *P* = 0.05.

[^8]: F. pr. is the probability of obtaining the observed variance ratio (*P* value).

[^9]: l.s.d. is the least significant difference at *P* = 0.05.

[^10]: F. pr. is the probability of obtaining the observed variance ratio (*P* value).

[^11]: CBSDRi = cassava brown streak disease root incidence, Mean_CBSDRs = mean cassava brown streak disease root severity, max_CBSDRs = maximum cassava brown streak disease root severity, Yield_T\_ha = yield in tonnes per hectare, l.s.d. = least significant difference at *P* = 0.05, c.v. = coefficient of variation, F. pr. = probability of obtaining the observed variance ratio (*P* value).
